To achieve sensitive, selective and facile detection of hydrazine in environmental and biological systems, a fluorescent probe (Che-Dcv) with a unique nonaromatic fluorophore was developed. Upon hydrazine addition in 20% DMSO-PBS buffer (pH ¼ 7.4, 10 mM, v/v) at room temperature, the probe displayed a strong emission at 496 nm along with a color change from brown-red to yellow. The response was attributed to the reaction of dicyanovinyl groups with hydrazine to afford hydrazone, which was supported by 1 H NMR and HRMS. The detection limit of Che-Dcv for hydrazine was estimated to be as low as 1.08 ppb and good selectivity over amines including hydroxylamine was observed. Then, the potential of probe-coated test papers to detect hydrazine in solution and vapor phase was demonstrated. Moreover, the bioimaging of hydrazine in living H1975 cells was performed successfully.
Introduction
As a well-known diamine with strong basicity, reducing power and nucleophilicity, hydrazine (N 2 H 4 ) has been widely used in many elds for a long time. 1 It can serve as high-energy rocket propellant, 2 fuel for cells, 3 corrosion inhibitor 4 and blowing agent, 5 it can also be used as the intermediate to produce pharmaceuticals, insecticides, antioxidants, textile dyes, photographic developers and polymers. 6, 7 On the other hand, hydrazine is notorious for its toxicity to human beings and the environment. [8] [9] [10] In accordance with the U.S. Environmental Protection Agency, the allowable limit of hydrazine in drinking water is 10 ppb. 11 Apart from the synthetic hydrazine which may pose a potential threat to the environment, hydrazine may also be generated as a byproduct by certain yeasts and some nitrogen xing bacteria. 12 Moreover, the endogenous aminoacylase may induce a hydrolytic cleavage of some drugs such as isoniazid and pasiniazide to liberate free hydrazine in animal or human body as a toxic metabolite. 13, 14 Considering the carcinogenic and mutagenic properties of hydrazine, it is highly desirable to detect hydrazine in both environmental and biological samples sensitively and selectively.
Among various analytic methods for hydrazine, uorescent techniques are extremely attractive because of their high sensitivity, easy implementation, biocompatibility and realtime detection. The past decade has witnessed the thriving of uorescent probes for hydrazine detection, and the design strategies as well as applications of various uorescent probes have been extensively reviewed recently. 15, 16 Generally, recognition site and uorophore are two requisites for a reaction-based small molecule uorescent probe, the former primarily determines the selectivity of the probe, and the latter determines the optical properties of the probe, such as the excitation/emission wavelength, Stokes shi, quantum yield, and sensitivity. It is noticeable that even attachment of the same recognition site to different uorophores can result in distinctive differences in the overall behavior of the probes. 15 For example, when acetate, the simplest and widely exploited recognition site for hydrazine was connected to different uorophores such as avonoid, 17 resorun 18 and cyanine 19 to afford different probes, the detection limits of hydrazine were 320 ppb, 26.2 ppb and 0.81 ppb respectively, and the solubility, emission wavelength, response time and selectivity toward hydrazine varied greatly. Hence, the design or selection of uorophore is pivotal to construct an efficient probe.
Till now, a wide diversity of uorophores such as cyanine, 19 35 phenanthroimidazole, 36 pyrene 37 and tetraphenylethylene 38 have been applied in the manufacturing of uorescent probes for hydrazine detection and different properties and applications have been demonstrated. Unlike the aforementioned classical uorophores with at least one aromatic or heteroaromatic ring, herein, we report the synthesis and application of a novel uorescent probe (Che-Dcv) with a unique conjugated p-structure as the uorophore. As for the recognition site for hydrazine, dicyanovinyl was selected because it has been successfully used to fabricate various uorescent probes owning to its strong electron-withdrawing property and specic reactivity toward hydrazine. 29, 34, [38] [39] [40] [41] [42] [43] [44] [45] [46] Thus, the dimethylamino group and dicyanovinyl groups connected to the 1,4-cyclohexadiene ring act as the electrodonating group and electro-withdrawing groups respectively, providing a typical donor-p-acceptor (D-p-A) system. When the two dicyanovinyl groups reacted with hydrazine in solution to afford hydrazone, the uorometric properties changed markedly via an intramolecular charge transfer (ICT) mechanism, leading to the sensitive and selective responses observed. Moreover, applications of the probe on test strip experiment and bioimaging of hydrazine in living cells have been successfully demonstrated.
Materials and methods

Materials and instruments
All the chemicals and solvents were of analytical grade and purchased from commercial suppliers. They were used as received without further purication unless otherwise stated. As for the selectivity study, KCl, CaCl 2 , FeCl 3 , CuSO 4 , MgSO 4 , NaCl, Na 2 SO 4 , NaNO 2 , Na 2 CO 3 , NH 4 Cl, ammonia, hydroxylamine, diethylamine, ethylenediamine, aniline, thiourea, L-Ile, L-Phe, L-Pro, L-His, L-Arg, L-Lys, isoniazid, acethydrazide were used to prepare the stock solutions. Ultrapure water was puried from Millipore water purication system and used throughout all the experiments. Silica gel P60 (Qingdao, mesh number 200-300) was used for column chromatography. 1 H NMR and 13 C NMR spectra were recorded on a Bruker 400 M instrument and chemical shis were given in ppm. Mass spectra (ESI) were measured on a Finnigan LCQ DECA spectrometer. UV-vis and uorescence spectra were recorded on a SHIMADZU UV-2450 spectrophotometer and a VARIAN Cary Eclipse FL1003 M013 spectrometer respectively. The pH value was measured using a pHS-25 digital pH meter. H1975 cells were obtained from American Type Culture Collection (ATCC) and their uorescence images were captured with a ZEISS LSM 880 Laser scanning confocal microscope.
Synthesis
Probe Che-Dcv was synthesized via a three-step procedure as depicted in Scheme 1. Structural identication of the intermediates and probe was conrmed by 1 H NMR, 13 C NMR and HRMS spectroscopy ( Fig. S1 -S7 †).
Synthesis of compound 1. 5,5-Dimethyl-1,3-cyclohexanedione (4.20 g, 30.00 mmol) and N,N-dimethylformamide (2.85 g, 39.04 mmol) were dissolved in CH 2 Cl 2 (10 mL) at 0 C, then a solution of oxalyl chloride (4.92 g, 39.07 mmol) in CH 2 Cl 2 (5 mL) was added dropwise. Aer the addition, the solution was stirred at room temperature for 2 h. Subsequently, the mixture was poured into ice water (50 mL) and extracted with CH 2 Cl 2 (20 mL Â 4). Aer washing with saturated saline, drying over anhydrous sodium sulfate and ltration, the combined organic phase was evaporated under reduced pressure to give compound 1 as a light yellow oily liquid (4.36 g, 92.0%). 1 Synthesis of compound 2. Phosphorus oxychloride (10.00 g, 65.35 mmol) was added dropwise to a solution of N,N-dimethylformamide (8.04 g, 110.14 mmol) in CH 2 Cl 2 (10 mL) with stirring at 0 C and the mixture was further stirred for 1 h. Aer the addition of a solution of compound 1 (3.48 g, 22.03 mmol) in CH 2 Cl 2 (10 mL), the mixture was reuxed for 6 h. Then, the reactant was cooled to room temperature and poured into ice water (30 mL), 5 M KOH solution was added dropwise to adjust the pH to 7.0-8.0. The mixture was stirred for another 4 h at room temperature and extracted with CH 2 Cl 2 (40 mL Â 4). The combined organic phase was washed with saturated saline twice, dried over anhydrous sodium sulfate, ltered and concentrated under reduced pressure to obtain an orange oily liquid. The crude product was puried by column chromatography on silica gel (cyclohexane : ethyl acetate ¼ 6 : 1, v/v) to afford compound 2 as an orange powder (1.91 g, 30.0%). 1 Synthesis of probe Che-Dcv. A solution of malononitrile (0.46 g, 6.97 mmol) in EtOH (5 mL) was added dropwise to the solution of compound 2 (1.00 g, 3.48 mmol) in EtOH (15 mL) at room temperature. Aer reuxing for 2 h and cooling, the reactant was concentrated under reduced pressure and the obtained solid was further puried by column chromatography on silica gel (cyclohexane : ethyl acetate ¼ 10 : 1, v/v) to afford probe Che-Dcv as a black powder (0.42 g, 36.0%). 1 
Spectral measurements
For UV-vis and uorescence titrations, stock solutions of probe Che-Dcv (50 mM) and N 2 H 4 (10 mM) were prepared in DMSO and ultrapure water respectively. In titration experiment, a typical test sample was prepared by mixing 0.4 mL probe stock solution and certain amount of N 2 H 4 stock solution in a test tube, then diluting to 2.0 mL with PBS buffer (pH ¼ 7.4, 10 mM), the nal concentration of probe Che-Dcv was 10 mM. Aer the resulting solution was incubated at 25 C for 15 min, UV-vis absorption and uorescence spectra (l ex ¼ 350 nm or 480 nm, slit width: d ex /d em ¼ 10/10 nm or 20/20 nm) were recorded. The effect of different pH (3.0-9.0) was recorded by uorescence spectra (l ex ¼ 350 nm, slit width: d ex /d em ¼ 10/10 nm).
Selectivity study
Parallel experiments were carried out to investigate the selectivity of probe Che-Dcv toward hydrazine over other interfering analytes such as cations (K + , Ca 2+ , Fe 3+ , Cu 2+ , Mg 2+ , NH 4 + ), 
Detection of hydrazine by test strips
Filter paper strips were soaked in a DMSO solution of probe Che-Dcv (1 mM) for 30 s and then dried in air. When the probecoated test strips were used to detect hydrazine in vapor phase, they were placed to cover brown bottles containing different concentrations of N 2 H 4 (0.01-40%) or saturated vapor of interfering substances (HCHO, Et 3 N, CO 2 and HCl) for 30 min. When they were used to detect of hydrazine in aqueous solution, they were inltrated in solutions of different concentrations of N 2 H 4 (0.01-40%) for 10 s and then dried in air. All the operations were carried out in a fume hood at room temperature and the treated test strips were observed under natural light or UV lamp (365 nm). 
Cell imaging experiments
Result and discussion
Design and synthesis of the probe Although various uorophores have been used to prepare uorescent probes for hydrazine detection, new uorophores with unique optical properties are still in urgent demand. Under the action of DMF-POCl 3 , cyclohexanone could be converted to 2-chloro-3-(hydroxymethylene)-1-cyclohexene-1carboxaldehyde followed by reaction with substituted indolenine quaternary ammonium salts to generate various heptamethine cyanines. 47, 48 Inspired by this strategy, we selected cyclohexanediones as the starting material to explore their potential of constructing new uorophores. As a consequence, 5,5-dimethyl-1,3-cyclohexanedione reacted with DMF and oxalyl chloride to obtain b-halo-a,b-unsaturated ketone 1. 49 Then, 1 was transformed to 2 under the action of DMF-POCl 3 . 50 It should be noted that dimethyl attached to the 1,4cyclohexadiene ring prevented the aromatization of 2 to form 2,4-dichlorobenzene -1,3,5-tricarbaldehyde, thus forming a unique nonaromatic conjugated structure with one dimethylamino group and two aldehyde groups. Finally, condensation of 2 with malononitrile in ethanol afforded probe Che-Dcv. 
Spectral response of probe to hydrazine
Time-dependent absorption and uorescence spectral responses of Che-Dcv (10 mM) towards hydrazine (200 mM) in 20% DMSO-PBS buffer (pH ¼ 7.4, 10 mM, v/v) were investigated and the results were illustrated in Fig. 1a . It could be seen that the free probe Che-Dcv showed a broad absorption band centered at 470 nm. Upon addition of 200 mM hydrazine, the maximum absorption band gradually decreased, while the absorption band at 340 nm increased very slightly. Meanwhile, the color of the solution changed from brown-red to yellow under natural light, suggesting that hydrazine could be detected by the naked-eye (Fig. 1a inset) . On the other hand, the uorescence emission at 803 nm (l ex ¼ 480 nm) decreased gradually while the uorescence emission at 496 nm (l ex ¼ 350 nm) increased markedly aer the addition of hydrazine. As shown in Fig. 1b , the equilibrium was reached within 15 min and nearly no further uorescence enhancement at 496 nm could be observed aerwards. Additionally, the Stokes shi of Che-Dcv was calculated to be 146 nm when excited at 350 nm.
Sensing mechanism
Based on the structural properties of Che-Dcv and reported literatures, 29, 34, [38] [39] [40] [41] [42] [43] [44] [45] [46] we speculate that dicyanovinyl groups in Che-Dcv serve as not only the electron-withdrawing groups of the typical D-p-A structure but also the recognition sites for hydrazine. Accordingly, the proposed sensing mechanism is illustrated in Scheme 2. Upon the addition of hydrazine, the dicyanovinyl groups in Che-Dcv were attacked and the product hydrazone (Che-Dhz) was generated, thus triggering the disappearance of red uorescence and appearance of strong green uorescence observed.
To further verify the detection mechanism, 1 H NMR spectroscopic analysis of Che-Dcv was carried out before and aer the addition of hydrazine. As shown in Fig. S8 , † the protons of methyl (Ha) and dimethylamine (Hb) groups in Che-Dcv appeared at 1.25 and 3.25 ppm respectively. Upon addition of hydrazine to the DMSO-d 6 solution of Che-Dcv, the proton signal of the methyl groups (Ha at d 1.25 ppm) was divided into two single signals (Ha 0 at d 1.17 and Ha 00 at 1.61 ppm) and the proton signal of the dimethylamine group shied from 3.25 (Hb) to 2.19 ppm (Hb 0 ). At the same time, a new single peak appeared at 5.82 ppm (He 0 , ]N-NH 2 ) indicated the formation of hydrazone. Additionally, when the reaction mixture of Che-Dcv and enough hydrazine was subjected to ESI-MS analysis, a peak at m/z 333.1359 which belonged to [Che-Dhz + NH 4 ] + (calculated: 333.1361) could be found (Fig. S9 †) . Taken together, these experimental results proved the formation of Che-Dhz and the sensing mechanism proposed.
Sensitive detection of hydrazine
To investigate the sensitivity of Che-Dcv, uorescence titration experiments of the probe with hydrazine were performed. As shown in Fig. 2a , the uorescence intensity at 496 nm increased gradually with increasing hydrazine concentration. A good linear relationship (R 2 ¼ 0.9932) was observed between the uorescence intensity and hydrazine concentration in the range of 0-200 mM (Fig. 2b) . Under the experimental conditions, the detection limit (3s/slope) of probe Che-Dcv towards hydrazine was determined to be 1.18 ppb which was much lower than the TLV (10 ppb) recommended by the EPA. The observed low detection limit indicated the potential of Che-Dcv for sensitive detection of hydrazine in aqueous solution. Scheme 2 Proposed sensing mechanism of probe Che-Dcv for detection of N 2 H 4 . 
Selectivity studies
To evaluate the selectivity of Che-Dcv toward hydrazine, the uorescence responses of the probe in the presence of various interfering analytes were measured. As shown in Fig. 3 , environmentally and biologically important ions (K + , Ca 2+ , Fe 3+ , Cu 2+ , Mg 2+ , NH 4 + , Cl À , SO 4 2À , NO 2 À , CO 3 2À ), amino acids (L-Ile, L-Phe, L-Pro, L-His, L-Arg, L-Lys), amines (ammonia, ethylenediamine) and hydrazine derivatives (isoniazid, acethydrazide) resulted in virtually no effect on the uorescence of Che-Dcv.
Only hydroxylamine, diethylamine, aniline and thiourea led to observable enhancement of uorescence intensity, possibly due to their similar structures and reactivities with hydrazine. In contrast, hydrazine caused a signicant increase (33 times) in uorescence intensity of Che-Dcv in PBS buffer (containing 20% DMSO, pH ¼ 7.4, 10 mM). All the results demonstrated the good specicity of Che-Dcv for practical detection of hydrazine in real environmental and biological samples.
Effect of pH
It is well known that the specic reaction of hydrazine and dicyanovinyl group results from the strong nucleophilicity of hydrazine, we envision that the protonated form of hydrazine may hinder its reaction with dicyanovinyl group. Hence, it is necessary to explore the effect of pH on the uorescence response of Che-Dcv to hydrazine. As shown in Fig. 4 , the free probe Che-Dcv displayed almost no uorescence at 496 nm in the wide pH range of 3.0-9.0. Aer the addition of 20 equiv. of hydrazine, the uorescence intensity remained unchanged in the pH range of 3.0-6.0. When the pH value was raised to 6.5, the uorescence intensity increased dramatically owning to the deprotonation of protonated hydrazine and the following reaction with dicyanovinyl groups. And in the pH range of 6.5-9.0, relatively stable uorescence intensity was observed, indicating the potential of Che-Dcv to detect hydrazine in real samples, especially the biological samples.
Detection of hydrazine by test strips
Encouraged by the high sensitivity and selectivity of probe Che-Dcv, we evaluated its potential for on-site visual detection of hydrazine in vapor phase or aqueous solution using probecoated test papers. As shown in Fig. 5 , the color of the test strips covered on the top of bottles changed from brown to white with the increasing concentration of hydrazine contained in the bottle, at the same time, the color change from dark purple to blue under UV lamp (365 nm) was observed. By contrast, the color of test strips remained almost unchanged aer exposure to HCHO, HCl, CO 2 and Et 3 N under either natural or UV light (Fig. 6) . Then, the probe-coated test papers were immersed into hydrazine solutions (0.01-40%, w/w) and viewed aer drying in the air. As illustrated in Fig. 7 , the gradual color changes from brown to white under natural light and from dark purple to blue under UV light were observed. Taken together, the concentration of hydrazine in a sample could be roughly estimated according to the color change of Che-Dcvcoated test strips, providing an easy-to-use method for on-site detection of hydrazine in either vapor phase or aqueous solution.
Cell imaging of hydrazine in living cells
To evaluate the cytotoxicity of probe Che-Dcv, standard MTT assays were performed in H1975 cells and the results were illustrated in Fig. S10 . † Aer the H1975 cells were incubated with increasing concentrations of Che-Dcv (0, 1, 2, 4, 8, 16 and 32 mM) for 24 h, the cell viability declined slowly. And the cell viability was still about 80% even the probe concentration was as high as 32 mM. These results suggested that Che-Dcv had good biocompatibility with living cells.
Then, the ability of probe Che-Dcv for bioimaging of hydrazine in living cells was tested. As shown in Fig. 8 , H1975 cells treated with 10 mM Che-Dcv for 4 h displayed an intense red uorescence and a weak green uorescence. When the Che-Dcvpretreated cells were further cultured with 50 mM hydrazine for 15 min, the red uorescence was diminished while the green uorescence was enhanced signicantly. These results were in accordance with the uorescent behavior of Che-Dcv in solution and demonstrated its capability of visualizing hydrazine in living cells.
Conclusion
In summary, a new uorescent probe Che-Dcv was designed and synthesized for the detection of hydrazine. With dicyanovinyl groups as the recognition sites, the probe responded to hydrazine sensitively and selectively with a color change from brown-red to yellow. The Stokes shi was calculated to be 146 nm. Aer being coated on lter paper strips, probe Che-Dcv could achieve on-site detection of hydrazine in either vapor phase or aqueous solution by color and uorescence changes. In addition, this probe was successfully applied to imaging hydrazine in living H1975 cells. And more importantly, a new type of uorophore with neither an aromatic nor a heteroaromatic ring is presented in this paper and its potential to fabricate practical uorescent probes has been demonstrated. This strategy may broaden the scope of uorophore and make the structures of uorescent probes more devisable.
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